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Hydrogen production activityProton transfer to the [Fe―Fe]H sub-cluster in the Desulfovibrio desulfuricans (DdH) and Clostridium
pasteurianum (CpI) [Fe―Fe] hydrogenases was investigated by a combination of ﬁrst principles and empirical
molecular dynamics simulations. Pathways that can be inferred from the X-ray crystal structures of DdH and
CpI, i.e., (Glu159→Ser198→Glu156→water460→Cys178→DTMA([Fe―Fe]H) and (Glu282→Ser319→
Glu279→water612→Cys299), respectively, were considered. Proton transfer from Cys178 to DTMA in the
[Fe―Fe]H sub-cluster in DdH was readily observed in our results, speciﬁcally when [Fe―Fe]H was in the
reduced state ([FeI―FeI]) or in the mixed valence state for the protonated distal iron Fed ([FeI―FeII―H−]H). A
concerted mechanism is proposed, where proton transfer in DdH from Glu159 to Glu156 via Ser198 and
Glu156 to Cys178 via water460 readily occurred, as well as from Glu282 to Glu279 via Ser319 and Glu279 to
Cys299 via water612 in CpI. The theoretical prediction of the proton transfer characteristics is consistent with
the assumed biocatalytic mechanism of the [Fe―Fe] hydrogenases in which the proton binds at Fed, providing
conﬁrmation that has not been explored so far. The computational results were qualitatively validated by the
agreement with experimental hydrogen production activity data for mutated CpI enzymes, relative to the
wild-type protein. Finally, the insight provided by the simulations, combined, in part, with experimental
validation, are important for establishing an approach in future exploration of proton transfer to the active site
in this class of enzymes, and possibly also for biomimetic analogs.ter).
B.V.Published by Elsevier B.V.1. Introduction
Hydrogenases (H2ases) are metalloenzymes used by micro-
organisms to catalyze hydrogen production and consumption [1].
This class of enzymes is subdivided by the active sites [2], namely,
[Ni―Fe] [3], [Fe―Fe] [4,5], and [Fe] H2ases [6]. [Fe―Fe] H2ases are
efﬁcient in hydrogen production, for instance, under optimal condi-
tions, it was estimated that each molecule of Desulfovibrio desulfur-
icans (DdH) and Clostridium pasteurianum (CpI) can produce 9000 and
6000 molecules of hydrogen per second [7,8], respectively. Indeed,
the efﬁciency of [Fe―Fe] H2ases [9] triggered extensive research
both theoretically and experimentally [10–14]. The determination of
the X-ray crystal structures of CpI [4] and DdH [5] revealed common
structural features, speciﬁcally a [6Fe―6 S] active site cluster (H-cluster,
HC), comprised of a [Fe―Fe] sub-cluster (2 CN and 3 CO groups, and a
bridging ligand) and a [4Fe―4 S] sub-cluster, covalently linked by a Cys
thiolate. The bridging ligand in the sub-cluster of DdH is assumed toconsist of di-thiomethylamine (DTMA) [15], as supported by a 14N
HYSCORE study [16]. Recently, a reﬁned CpI crystal structure suggested
a di-thiomethyl ether bridging ligand [17]. Oxidation states were
investigated by electron paramagnetic resonance (EPR) [18] and
infrared (IR) [19], including an EPR-silent catalytically inactive state
Hoxair, an EPR-accessible mixed-valence state Hox, and an EPR-silent
reduced state Hred. [4Fe―4 S] was assigned an EPR-silent [4Fe―4 S]2+
state. Two alternative formal charges of the di-iron sub-cluster were
consistent with Mössbauer data [20], namely [FeII―FeII] for Hoxair,
[FeI―FeII] for Hox, and [FeI―FeI] for Hred; or [FeIII―FeIII] for Hoxair,
[FeII―FeIII] for Hox, and [FeII―FeII] for Hred. The former supposition was
supported by IR spectra [21] of model compounds, in agreement with
theoretical investigations [22–25], as calculated vibrational frequencies
based on the latter supposition were systematically too large compared
to experiment, attributed to dependence of the CO ligands on the
electron density at the metal center [26]. Recent Q-band 57Fe-ENDOR
and HYSCORE studies of DdH [27], as well as computational studies
[8,22,23,28–32], also supported the ﬁrst supposition. Thus, the former
charge schemewasassumed in thepresent computational investigation.
Hypotheses on the catalytic cycle have differed in early work.
Based on DTMA as the bridging ligand [22–24,28,29,32], it was
postulated that H2 or H+ bind at the distal iron atom Fed. This
Fig. 1. Amino acid residues that comprise the proton transfer pathway in DdH [5].
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thiomethylether as the bridging ligand [33]. Alternatively, H2 or H+
could bind to both Fe atoms in a bridged position [30,31,34]. However,
the former mechanism was also supported by the observation that in
the DdH crystal structure a CO ligand is in the semi-bridging position
amid the irons in [Fe―Fe]H, leaving a vacant binding site at Fed [5].
Moreover, the calculated barrier of proton transfer from DTMA to Fed
for the model compound [Fe2(S2C2H4)(μ-CO)(H)(CO)(PMe3)4]+ is
low, and the terminal hydride can be more reactive than a bridging
hydride [35]. Note that di-iron clusters favor the conformation where
the CO is in a terminal position [34], forming a bridged hydride upon
protonation [32,36]. Recent calculations that included the effects of
the protein environment [37] have further supported this mechanism.
However, proton transfer to the active site [38] in this case was not
examined, except for model compounds [39].
In this work, based on DTMA as the bridging ligand, and the
mechanism in which the distal iron binds the proton, most consistent
with previous experimental and theoretical studies, we investigated
proton transfer characteristics from Cys178 to DTMA of [Fe―Fe]H in
DdH, as well as along the proton transfer pathways in DdH and CpI, by
fully taking into account the solvent and the protein environment.
Quantum mechanical (QM) calculations at the density functional
theory (DFT) level and QM/MM (molecular mechanics) molecular
dynamics (MD) simulations were carried out for proton transfer
pathways in DdH and CpI. The results supported the presumed
biocatalytic mechanism, as compared to a mechanism where the
proton binds at the Fep [9]. The results are also consistent with our
experimental data on hydrogen production for mutated enzymes of
CpI, although quantitative energy barrier estimations of the proton
transfer in mutated enzymes that do not exhibit hydrogen production
will require accurate free energy calculations and long time simula-
tions for appropriate sampling, beyond the scope of this investigation.
At the same time, our MD simulations and experimental conﬁrmation
of the assumed mechanism, not explored so far, established, in part,
the ﬁrst stage of a validated approach for future exploration of
hydrogenases for hydrogen production and possibly also biomimetic
analogs.
2. Computational methods
DFT calculations were carried out at the PBE [40]/6–31+G** level,
as implemented in Gaussian 03 [41]. To account for the effects of
protein and solvent, QM/MM MD simulations [42] were performed,
linking quantum and empirical force ﬁeld simulations according to
the protocol applied, as described in the following. Partial charges,
energies and forces were calculated for the QM region, but no QMMD
calculations directly carried out. The protein and solvent system was
ﬁrst relaxed by running the simulation for 1 ps at 10 K (step size 1 fs),
and thereafter equilibrated for 1 ps at 300 K (step size 1 fs). In both
relaxation and equilibration, coordinates of the atoms in the QM
region were updated every 100 fs. After equilibration, MD simulations
were performed for 1 ps at 300 K, unless indicated otherwise,
updating forces and coordinates in both the QM and the MM regions
at each step. The standard surface constrained all-atom solvent [43]
model and the local reaction ﬁeld [44] for a long-range treatment [45]
were applied.
Coordinates of the protein data bank structures, namely of 1hfe
(DdH) and 3c8y (CpI), were used as starting conﬁgurations in the
calculations. The entire protein, consisting of the protein and solvent,
was spherical and divided into four regions. Region 1 comprised of the
active site cluster and side-chain groups of the proton pathway,
modeled at the PBE/6–31+G** level, with hydrogens added at the
boundary of the C―C bond between the QM andMM regions. Because
a force ﬁeld for the [4Fe―4 S] cubane cluster was not available, all
[4Fe―4 S] clusters and ligands were kept ﬁxed, with a separate QM
calculation for each cluster carried out for the atomic partial chargesusing the ESP [46] method. Region 2 comprised of unconstrained
protein atoms and explicit water molecules of up to 25 Å from the
center of region 1. This region was treated empirically by the
ENZYMIX force ﬁeld, as implemented in MOLARIS [47]. Lys, Arg,
Asp, Glu were charged, unless otherwise indicated, in order to capture
inherent interactions and enable qualitative comparison to experi-
mental hydrogen production activity observations. In future work, for
quantitative comparison with experimentally observed results upon
mutation, screening effects will be fully explored. Region 3 consisted
of a 2 Å shell of Langevin dipoles, and region 4 comprised a dielectric
continuum beyond region 3, accounting for bulk effects.
3. Results and discussion
Analysis of proton transfer characteristics was based on pathways
derived from proximate amino acid residues that can potentially be
involved in hydrogen bonding. The DdH X-ray crystal structure would
suggest that the pathway to DTMA in the [Fe―Fe]H sub-cluster consists
of Glu159→Ser198→Glu156→water460→Cys178→DTMA, where
Glu159 and Glu156 are located in the helix, Cys178 in a separate loop,
and water460 amid Cys178 and Glu156 (determined from relevant
distances, i.e., Oε(Glu159)–Oγ(Ser198) – 2.59 Å; Oγ(Ser198)–
Oε(Glu156) – 3.50 Å; Oε(Glu156)–O(water460) – 2.67 Å; O
(water460)–S(Cys178) – 3.37 Å; S(Cys178)–N(DTMA) – 3.23 Å; see
Fig. 1). Similarly, for CpI, in the path (Glu282→Ser319→Glu279→
water612→Cys299),Glu282andGlu279 are in a helix, Cys299 in a loop,
and water612 amid Cys299 and Glu279. The distances are:
(Oε(Glu282)–Oγ(Ser319) – 2.96 Å; Oγ(Ser319)–Oε(Glu279) – 3.44 Å;
Oε(Glu279)–O(water612) – 3.06 Å;O(water612)–S(Cys299) – 3.20 Å; S
(Cys299)–N(DTMA) – 3.46 Å). Previously it was suggested [8,22,23,28–
32] that the [Fe―Fe]H sub-cluster undergoes three oxidation forms,
namely, [FeI―FeI], [FeI―FeII], and [FeII―FeII] in the catalytic proton
reduction cycle. We therefore assumed that the ﬁrst proton transfer to
the [Fe―Fe]H sub-cluster takes place in its reduced state ([FeI―FeI]),
followed by electron transfer, and then the second proton transfer
occurs.
Proton transfer from the thiol of Cys178 to DTMA was ﬁrst
investigated for model compounds of the isolated active site (I and II)
at the PBE/6–31+G** level, in order to assure that the QM region in
the simulations is appropriately selected. I comprised of the [2Fe]H
sub-cluster,―CH2SH of Cys178, and―CH2S of the Cys that bridges to
512 G. Hong et al. / Biochimica et Biophysica Acta 1807 (2011) 510–517the cubane cluster. Initial atomic coordinates were taken from the
DdH X-ray crystal structure (PDB 1hfe). To minimize unrealistic
distortions, positions of the terminal carbon atoms (capped by
hydrogens) were kept ﬁxed. In addition, a larger system was studied
(II) that included two water molecules neighboring Cys178, two
peptide groups forming hydrogen bonds with the two CN of the HC,
the side chain of Lys237 (forming a hydrogen bond with the CN of the
HC), and its nearby Glu240. Phe296 and Pro203 were also included
due to spatial constraints on the CO of the HC. The results for model
compounds I and II are summarized in Supplementary Fig. 1 (upper
and lower panel, respectively), with the ﬁrst proton transfer shown
on the left, and the second (Fed pre-protonated) shown on the right.
The valence states for the [Fe―Fe]H sub-cluster were assumed to be
[FeI―FeI] and ([FeII―FeII]―H− for the ﬁrst and second proton
transfer, respectively. In both cases, an energetically favorable change
was calculated. The different values obtained for model compounds I
and II cannot be directly compared because the environment modeled
is not realistic due to the constrained model. Indeed, the results
demonstrated the importance of appropriate inclusion of the protein
environment, as described in the following.
Limitations involved inmodeling enzymatic reactions and processes
are well known, yet useful insight can be gained for a broad range of
applications, aswas reviewed [[48–50] and references therein]. The rate
constant is given by (see Eq. (17) in Aqvist et al. [48]):
k = FkTST = F
kBT
h
e−
Δg=kBT ð1Þ
where kB and h are the Boltzmann and Planck constants, respectively;
kTST is the transition state theory (TST) rate constant; F includes
transmission coefﬁcients [48]; while the exponential factor that
includes Δg* (free energy difference) is the most important quantity
determining the rate of enzymatic processes. Free energy calculationsFig. 2. Proton transfer from Cys178 to DTMA in DdH: Selected snapshots (only QM region sh
are in green.can be rigorously carried out by the free energy perturbation (FEP)
method [48]. The activation free energy in the TST expression for the
rate constant can of course also be calculated by Monte Carlo
sampling, as was emphasized [51]. Overall, understanding enzymatic
processes is complex, requiring constant validation, for example, in
comparing the FEP method and the potential of mean force (PMF)
approach for ion penetration through ion channels [52]. Such
simulations are very demanding computationally and require long
time computations. The rigorous FEP method will be considered in
future work for proton transfer processes in CpI to enable better
understanding of the effects of mutation. However, the QM/MM MD
simulations described below for the case of almost barrierless transfer
has established, in part, the ﬁrst stage of a validated approach for
future exploration of hydrogenases for hydrogen production, possibly
also biomimetic analogs.
Results of the full QM/MM MD simulations for the ﬁrst proton
transfer from Cys178 to DTMA are shown in Fig. 2(a). The QM region
included―CH2SH of Cys178, the [Fe―Fe]H sub-cluster, as well as the
Cys thiolate group that covalently bridges the [Fe―Fe]H sub-cluster
and the cubane cluster in the HC. The [Fe―Fe]H sub-cluster is
in the reduced state [FeI―FeI]. In the ﬁrst snapshot, the rH-S(C178) and
rH-N(DTMA) distances of the relaxed initial structure were 1.410 Å and
2.382 Å, respectively, showing that the protonwas bound to the sulfur
of Cys178. About 200 fs thereafter, rH-S(C178) and rH-N(DTMA) changed
to 1.628 Å and 1.284 Å, respectively, indicating that the proton
moved amid S(C178) and N(DTMA). At 19 fs after the second
snapshot, rH-S(C178) and rH-N(DTMA) changed to 1.935 Å and 1.063 Å,
respectively, completing the ﬁrst proton transfer process. The second
proton transferred from Cys178 to DTMA (Fed is now pre-protonated)
is shown in Fig. 2(b), assuming a [FeI―FeII]―H− state. In the three
snapshots, distances of the proton to S(C178) were 1.410 Å (0 fs),
1.758 Å (70 fs), and 1.954 Å (78 fs), respectively. The distance of the
proton to N(DTMA), of 2.882 Å (0 fs), changed to 1.200 Å after 70 fs,own) of (a) ﬁrst and (b) second proton transfer; protons involved in the proton transfer
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consequent protonation of the DMTA amine was demonstrated by the
QM/MM MD trajectories, as well as by the downhill potential energy
proﬁle obtained in examining model compounds (I and II). These
results show that the amine readily “captures” a proton from the
Cys178 thiol when the [Fe―Fe]H sub-cluster is in the appropriate
oxidation state. In combination with the previously reported low
barrier of proton transfer from DTMA to Fed for model compoundsFig. 3. Proton transfer along the pathway in DdH: Selected snapshots (only QM region shown
transfer are in green.[22,23,28–32], it seems that DTMA easily transfers a proton from the
Cys to Fed. In the following discussion, in simulation of the proton
transfer along the proton pathway, the thiol group of Cys178 was thus
assumed to be de-protonated.
Next, we studied the proton transfer within the pathway to
Cys178 in DdH. Note that PBE/6–31+G** calculations without the
protein environment showed that the proton transfer from Glu159
(C2H5COOH) to Glu156 (C2H5COO−) via Ser198 (―CH2OH), and from) (a) from Glu159 to Glu156; (b) from Glu156 to Cys178; protons involved in the proton
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barriers of less than 1 kcal/mol, within the accuracy of the compu-
tational method (see structures in Supplementary Figs. 2 and 3,
respectively). Consequently, the proton transfer pathway was
examined in two separate steps. First, in QM/MM MD simulations
of the proton transfer from Glu159 to Glu156 via Ser198, the QM
region included side-chain groups of Glu159 (C2H5COOH), Glu156
(C2H5COO−) and Ser198 (CH3OH), along with neighboring polar
amino acid residues and water molecules, i.e., Gln174 (C2H5CONH2),
Ser177 (―CH2OH), Thr199 (CH2OHCH3), Cys200 (―CH2SH),
water424, water460, water824, and charged Arg163 (C3H7NHC(NH)
NH2), with the water824 moiety protonated. Gln174 is located in the
same loop as Cys178, and Arg163 in the same loop as Glu159 and
Glu156. Fed was assumed protonated. Selected QM region snapshots
from the full system's QM/MMMD simulations are shown in Fig. 3(a).
It is indicated that after 85 fs the proton was transferred from
water824 to Thr199, where rH-Oγ(T199)=1.088 Å. At 151 fs, the proton
initially bound to Glu159moved amid Glu159 and Ser198, with values
of rH-Oε(E159) and rH-Oγ(S198) of 1.327 Å and 1.141 Å, respectively.
Meanwhile the proton bound to Ser198 moved in between Ser198
and Glu156, with values of rH-Oγ(S198) and rH-Oε(E156) of 1.160 Å
and 1.201 Å, respectively. After 161 fs, the distances rH-Oε(E159)
and rH-Oγ(S198) changed to 1.557 Å and 1.020 Å, and rH-Oγ(Ser198) and
rH-Oε(Glu156) to 1.387 Å and 1.025 Å, respectively, completing two
concerted proton transfer events. Speciﬁcally, the proton initially
bound to Glu159 moved to Ser198, while another proton boundFig. 4. Proton transfer along the pathway in CpI: Selected snapshots (only QM region show
protons involved in the proton transfer are in green.to Ser198 moved to Glu156. After 276 fs, the proton initially bound
to Thr199 transferred to Glu159, with distances rH-Oγ(Thr199) and
rH-Oε(Glu159) of 1.632 Å and 1.021 Å, respectively, while rH-Oγ(Ser198)
further increased, from 1.387 Å to 1.863 Å.
In the next stage, proton transfer from Glu156 to Cys178 via
water460 was investigated. The QM region included side-chain groups
of Glu156, Cys178 and water460, as well as of proximate Gln174,
Ser198, water424 and 455, and the [Fe―Fe]H sub-cluster. Glu159,
included in the MM region, was treated as neutral. Selected QM region
snapshots from the QM/MM MD simulations are shown in Fig. 3(b).
Speciﬁcally, after 283 fs, values of rH-O(E156) and rHO(water460) changed to
1.229 Å and 1.221 Å, respectively, showing that the proton initially
bound to Glu156 moved roughly amid O(Glu156) and O(water460).
Simultaneously, the other protonmoved fromO(water460) in between
O(water460) and S(Cys178), with rH-O(water460) and rH-S(C178) of 1.261 Å
and 1.598 Å, respectively. At 304 fs, the ﬁrst proton (initially bound
to Glu156) transferred to water460, with distances of rH-Oε(Glu156) and
rH-O(water460) of 1.397 Å and 1.090 Å, respectively. The second proton
bound towater460, completed transfer to Cys178with rH-O(water460) and
rH-S(Cys178) of 1.472 Å and 1.422 Å, respectively.
For comparison with experimentally determined hydrogen pro-
duction experiments we investigated proton transfer to the active site
in the CpI enzyme. Side-chain groups of amino acid residues and
water molecules that comprised the proton transfer pathway
consisted of ―CH2CH2COOH of Glu282, ―CH2OH of Ser319, ―CH2-
CH2COOH of Glu279, water612, and ―CH2SH of Cys299. Similar ton) from (a) Glu282 to Glu279 via Ser316, (b) Glu279 to Cys299 via a water molecule;
515G. Hong et al. / Biochimica et Biophysica Acta 1807 (2011) 510–517DdH, proton transfer from Glu282 to Glu279 via Ser 319 was ﬁrst
examined. Next, proton transfer from Glu279 to Cys299 via water612
was considered. For the ﬁrst step, the QM region included in addition
to Glu282, Glu279 and Ser319, also side-chain groups from neigh-
boring polar amino acid residues and water molecules, i.e., Arg286,
Cys299, Thr275, Ser298, Met295, Ser320, water598, water605 and
water612. Fed was protonated and [FeII―FeII]―H− assumed. Selected
snapshots of the QM region of the QM/MM MD simulations for
the ﬁrst step are shown in Fig. 4(a). After 163 fs, the proton initially
bound to Glu282 moved amid Glu282 and Ser319, with rH-Oε(Glu282)
and rH-Oγ(Ser319) of 1.137 Å and 1.297 Å, respectively. The proton
initially bound to Ser319 moved in between Ser319 and Glu279, with
rH-Oγ(Ser319) and rH-Oε(Glu279) of 1.227 Å and 1.167 Å, respectively. At
181 fs, rH-Oε(Glu282) and rH-Oγ(Ser319) changed to 1.785 Å and 1.092 Å,
respectively, showing that the proton initially bound to Glu282
transferred to Ser319, while rH-Oγ(Ser319) and rH-Oε(Glu279) changed to
1.443 Å and 1.064 Å, respectively, thus the proton initially bound to
Ser319 concertedly moved to Glu279.
The QM region for the second step included Glu279, water612,
Cys299, [Fe―Fe] sub-cluster, Cys503, and the neighboring Ser319,
Ser298, water598, and water605. Fed was protonated, assuming the
[FeII―FeII]―H− state, with the side group of Cys299 a thiolate. The
QM/MM MD results are shown in Fig. 4(b). After 231 fs, distance
values of rH-Oε(Glu279) and rH-O(water612) changed to 1.426 Å and
1.074 Å, respectively, and the proton initially bound to Glu279
moved amid O(Glu279) and O(water612). The other proton,
bound to water612, moved in between O(water612) and S(Cys299),
with rH-O(water612) and rH-S(Cys299) of 1.196 Å, 1.682 Å, respectively. At
316 fs, the proton initially bound to Glu279 completed transfer to
water612, with values of rH-Oε(Glu279) and rH-O(water612) of 2.480 Å and
1.062 Å, respectively. The proton initially bound to water612
transferred to Cys299, with distances rH-O(water612) and rH-S(C299) of
2.242 Å and 1.426 Å, respectively.
In order to gain an understanding of the role of individual
amino acid residues along the proton transfer pathway, Ser319 was
mutated to Ala. Simulations for 10 ps were carried out for S319A to
examine the proximity of Glu282 and Glu272, which will indicate
that proton transfer occurred. Distances between Oε2 of Glu282,
and Oε1 and Oε2 of Glu279, during the QM/MM MD simulations, are
shown in Supplementary Fig. 4, demonstrating ﬂuctuations
between 4.8 and 9.6 Å, clearly too large for the proton to transfer
directly from Glu282 to Glu279. In addition, Cys299 was mutated
to Ser and corresponding simulations were carried out for C299S.
The QM region included the [Fe―Fe]H sub-cluster and Cys503,
Ser299, Glu179 and water612. Analysis of the QM/MM MD
simulation trajectories showed that proton transfer was not
observed even after 10 ps, demonstrating an increase of the barrier
compared with the wild-type enzyme, where proton transfer was
readily observed. Notably, experimentally, the percent hydrogen
production activity relative to the wild-type CpI was C299S 0.6%
and S319A 4.6% [53]. Thus, a comparison with experimental data
qualitatively validated the QM/MM MD results. However, quantita-
tive comparison is beyond the feasibility of the computation. Yet, a
validated approach has been established to further explore proton
transfer characteristics in this class of hydrogenases. Interestingly,
another pathway, i.e., Lys571→water668→water675→water594→
Ser298→water605→water612→Cys299→DTMA (respective dis-
tances in the X-ray crystal structure 3.48, 2.80, 3.54, 3.50, 2.8, 3.01,
3.20, 3.46 Å), could be considered, however seemingly not plausible
because of its inconsistency with the experimental data obtained so far
for the mutated CpI enzymes.
4. Conclusion
In this work, proton transfer from the protein surface to the
[Fe―Fe] sub-cluster in DdH and CpI along pathways inferred from theX-ray crystal structures were investigated by QM/MMMD simulations
and model compound DFT calculations. Proton transfer in DdH from
Cys178 (nearest amino acid residue in the pathway) to DTMA in the
[Fe―Fe]H sub-cluster, was readily observed in the QM/MM MD
trajectories, noting that [Fe―Fe]H was in the reduced state or in the
mixed valence state with a protonated distal iron, as based on the
supposition previously supported by experiment and computation.
The results provided mechanistic consistency that has not been
explored so far, speciﬁcally in the ﬁrst step of proton transfer to Fed. A
concertedmechanism is proposed, where proton transfer in DdH from
Glu159 to Glu156 via Ser198 and Glu156 to Cys178 via water460
occurred, as well as from Glu282 to Glu279 via Ser319 and Glu279 to
Cys299 via water612 in CpI. The rigorous FEP method will be
considered in future work for proton transfer processes to the active
site in CpI, to enable better understanding of the effects of mutation.
These results are consistent with the experimental data on the
hydrogen production activity of mutated CpI enzymes relative to the
wild-type protein. Overall, the insight provided in this work, and
experimental validation of the computations, are important in
establishing the ﬁrst stage for future exploration of proton transfer
to the active site in this class of enzymes, and possibly also for
biomimetic analogs.
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